This study was carried out to analyze the ow and heat transfer characteristics in a furnace, and to evaluate the in uence of the two major design factors for improving the ow mixing and heat transfer. The grid system was constructed using ANSYS ICEM (V.17.0), and numerical simulations were conducted using the commercial CFD code (ANSYS Fluent V.17.0). The fan plays an important role in ow mixing and convective heat transfer in the furnace. Accordingly, temperature uniformity was improved with an increase in the fan speed owing to an enhancement of the convective heat transfer. Moreover, when swirl ow was applied to the inlet gas, temperature uniformity was improved in the lower section of the furnace. This is because the swirl ow of the inlet gas improved the ow mixing in the vicinity of the gas inlet where it is not affected by the rotational force of the fan. Controlling the swirl intensity of the inlet gas with lower fan speeds is more energy ef cient because ow mixing and temperature uniformity could be improved suf ciently.
Introduction
Machine components used in various applications, such as machinery, automobiles, and power plants, are exposed to extreme temperatures and pressures, which directly affect their reliability and sustainability. Also, the demand for surface-treatment techniques is gradually increasing to resolve these problems. Among these techniques, the nitriding and nitrocarburizing processes, which introduce nitrogen atoms or both nitrogen and carbon atoms, respectively, into the surface of a component, have been the most effective for many decades. A valuable consequence of these techniques is the reduced distortion and deformation of the heat-treated parts because they are lower-temperature methods compared to other heat treatment methods 1) . Meanwhile, these processes also improve wear resistance, corrosion resistance, and fatigue endurance 2) . In particular, these resistance performances are closely related to the nitriding layer thickness determined by the operating factors, such as atmosphere s gas composition, temperature, and process time [3] [4] [5] [6] . Much research has been conducted investigating the nitriding as well as the nitrocarburizing methods. HassaniGangaraj and Guaglio 7) analyzed the reaction-diffusion mechanism for nitrogen and quanti ed the Fe-N phase thermodynamically. The growth rate of a compound layer was also predicted and examined with the use of the commercial nite element code (ABAQUS). Du et al. 8) analyzed the material characteristics in relation to the thickness and composition of the compound layer, as well as various important parameters such as nitriding potential and carburizing potential. The process time was considered to affect the quality of nitrocarburizing. Horak et al. 9) proposed a mathematical model for predicting the microhardness of the nitrided steel, and compared this model with the experimental results in relation to the atmosphere gas temperatures and pressures. The hardness of the nitriding layer was measured with respect to time and temperature, and it was found that a multi-nitriding method could improve the hardness of the nitriding layer 10, 11) . In addition, a number of factors such as nitriding potential, carburizing potential, process temperature, and process time were analyzed to enhance the quality of the heat treatment under different operating conditions for the nitriding and nitrocarburizing processes 12, 13) . In fact, a number of studies have been conducted to quantitatively analyze the various parameters such as layer thickness, hardness, porosity, material properties, amongst others, in evaluating the quality of heat treatment. These parameters are strongly affected by atmosphere gas temperature and composition in the furnace. The nitriding thickness of the nitriding layer speci cally may change with a change of location in the furnace. This is one of the serious aws in the nitrocarburizing process, as the non-uniform thickness of the nitriding layer, which could lead to deterioration of quality, is affected by local ow conditions as well as the temperature and composition of the atmosphere gas 14, 15) . There has, however, been limited research on how ow and heat characteristics in the furnace affect material characteristics. These problems need to be resolved to allow ef cient designs. However, there are limits to experimentation in a furnace with a very high gas phase temperature and toxic gases. In particular, it would be dif cult to directly measure ow velocity and gas temperature elds inside the furnace during actual operation. Therefore, with computational uid dynamics (CFD) being one of the design methods, this study aims to numerically investigate the ow and heat transfer characteristics in the industrial furnace. In particular, the temperature distribution in the furnace will be analyzed with respect to two important design factors, namely fan speed and swirling gas injection on ow mixing.
Numerical Simulation

Governing equations
To analyze the thermal ow characteristics of the atmosphere gas, the continuity, Reynolds-averaged NavierStokes, Reynolds stress transport, energy, and species transport equations were calculated as shown in eq. (1)- (5) respectively.
where −ρu i u j is the Reynolds stress, D ij is the transport of Reynolds stress by diffusion, P ij is the rate of production of Reynolds stress, Π ij is the transport of Reynolds stress due to pressure-strain interactions, Ω ij is the transport of Reynolds stress due to rotation, and ε ij is the rate of dissipation of Reynolds stress 16) . Furthermore, the discrete ordinates radiation model was considered. The incident radiation and the source term are calculated by 17) ∇
The multiple reference frame (MRF) method is adopted to simulate the rotation of the fan. It calculates the stationary frame and rotating frame separately, and virtual forces in non-inertial coordinate relative to the rotating frame are added to the source term of the Navier-Stokes equation. The source term, S, is calculated as follows:
where the two terms are the Coriolis-and centrifugal-forces, respectively. The present study was conducted by assuming incompressible ow, Newtonian uid, and steady state, with the use of the commercial CFD code, FLUENT V. 17.0 16) .
Geometry and grid system
This study investigates a pit furnace, which is widely used in nitrocarburizing processes, as shown in Fig. 1 . The geometry was constructed in a three-dimensional computational domain which comprised main components such as a chamber, guide chamber, electric heater, amongst others. Atmospheric gas was distributed inside the chamber, and a guide chamber for controlling the internal ow was mounted inside the chamber. Electric heaters encircled the chamber, and a centrifugal fan for the stirring of internal ow was located under the furnace cover. Three gas inlets for atmosphere gases (ammonia, nitrogen, and carbon dioxide) and a gas outlet were included in the geometry. The height of the furnace was approximately 2.7 m, the chamber was 1.2 m in diameter, and guide chamber was 1.17 m in diameter. Also, the present study constructed tetrahedral meshes by using the ICEM-CFD (V. 17.0) as shown in Fig. 2 . The total grid number was nally taken as approximately 2,800,000 after grid independent tests.
Numerical details
This study analyzes the ow and heat transfer characteristics in the nitrocarburizing furnace. The boundary conditions used for the numerical CFD simulation are summarized in Fig. 3 , and those were determined according to experimental data and operating conditions provided by the real industry. To set the mass ow rates of ammonia, nitrogen, and carbon dioxide, the values were converted to velocities as shown in Table 1 , and were set to 1.437, 0.663, and 0.11 m/s, respectively. The inlet gas temperature was set to 300 K and assumed as a single phase, with no phase changes. The inlet temperature of the electric heater was set to 883 K which was provided in the real industry, and the side wall with the exception of the electric heater was set to the adiabatic condition due to the use of insulation. In order to take into consideration the thermal losses at the furnace cover, the conjugate heat transfer between the solid substrate and the uid was calculated. Additionally, the furnace cover temperature on the upper face was set to 413 K, the side face of the furnace cover was set to the adiabatic condition, and the bottom face of the furnace cover was set as a coupled wall for conjugate heat transfer. The atmosphere gas was initially lled with nitrogen. The MRF method was used to simulate the rotation of the fan, and its speed was set at 1,000, 2,000, and 3,000 rpm. Five different swirl numbers for the inlet gas were used to estimate the in uence of swirling gas injection: 0, 0.5, 1, 3, and 5. Table 2 summarizes the different cases for this simulation.
Results and Discussion
Fan speed effect on thermal characteristics
In Fig. 4 , the mean ow elds of atmosphere gases in the furnace are illustrated. From the rotational force of the fan, internal ow with high velocity passed between the chamber and the guide chamber walls, and recirculating ow was generated in the furnace. A strong swirl ow was formed in the lower section of the furnace, and it moved upward to the upper section of the furnace. The fan thus plays an important role in enhancing the ow mixing and convective heat transfer in the furnace. Figure 5 represents the axial velocity distributions of atmosphere gases in the YZ-plane for the three different fan speeds. A high velocity was estimated in the lower section of the furnace, and a recirculation region was locally formed in the vicinity of the furnace owing to local pressure differences. Axial and tangential velocity pro les at line 1 (y = 0.4 m) and line 2 (y = 2.2 m) are shown in Fig. 6 . In Fig. 6 (a) and (b), the estimated axial and tangential velocities at line 1 (y = 0.4 m) are shown. These velocities increased with increasing fan speed. The maximum axial velocities were 8, 14, and 22 m/s at fan speeds of 1,000, 2,000, and 3,000 rpm, respectively. The maximum tangential velocities were estimated to be 2, 3, and 6 m/s at the three fan speeds. According to these results, swirling ow was predicted near the 0.3 m lateral point in the lower section of the furnace. At line 2 (y = 2.2 m), as seen in Fig. 6 (c) and (d), the axial velocities increased from the center of the furnace because of the pressure difference generated below the fan, and also increased with increasing fan speed. The tangential velocity reduced with the decay of the swirl in the vicinity of the fan. From these results it can be seen that when the fan speed increased, the mixing rate was increased by the velocity increasing in all directions.
To estimate the temperature uniformity induced by ow mixing in the furnace, the temperature distributions were analyzed. The temperature distribution for different fan speeds in the YZ-plane is presented in Fig. 7 . The highest temperature gradient was estimated in the lower section of the furnace, because the gas inlets were located in the lower section. Also, steep temperature gradient occurs in the cover head section, but temperature variations are observed to be relatively small in the upper section of the furnace owing to the strong convection effect. Temperature uniformity improved with increasing fan speed because of the increase of convective heat transfer. Figure 8 shows the temperature pro les of mixture gas at line 1 (y = 0.4 m) and line 2 (y = 2.2 m). The non-uniform temperature was partially distributed at line 1, and the maximum temperature difference, based on average temperatures, was 15 K at 1,000 rpm, 6 K at 2,000 rpm, and 4 K at 3,000 rpm. In Fig. 8 , it is found that the predicted gas temperature is in the range from 833 to 853 K, provided from the heat treatment industry. This shows good agreement with the process temperature re- quired for surface treatment. In addition, the temperature variation was much higher near +0.2 m laterally than in the center. The reason for this asymmetric distribution at line 1 was asymmetric ow characteristics caused by the off-center location of the gas inlets and the outlet. The temperature decreased in the vicinity of the guide chamber wall at line 2 owing to heat loss at the furnace cover. Non-uniformity of mixture gas temperature and an out-of-process temperature range from 833 K to 853 K could cause a deterioration in product quality during the nitrocarburizing process. From the results we can see that, as the fan speed increased, the local temperature differences decreased in the furnace. Thus by controlling the fan speed it is possible to improve the temperature uniformity and ow mixing in the furnace.
Effect of swirling injection on thermal characteristics
As referred previously, internal ow inside the furnace can be controlled by fan speed, and it was con rmed that ow mixing and heat transfer were increased with increasing fan speed. However, for improving heat transfer, the fan speed cannot inde nitely increase because higher fan speeds lead to higher energy consumption and a resulting process ef ciency drop. Therefore, this study analyzed the in uence of swirling gas injection on thermal ow characteristics in the furnace. The swirl number, which is de ned as the ratio of the axial ux of angular momentum to the axial ux of axial momentum, was used for controlling the swirl intensity at the gas inlet, and is de ned below:
where R is the hydraulic radius, w is the tangential velocity, u is the axial velocity, v is the velocity vector, and A is the cell area. Axial-and tangential-velocity depend on the vane angle of the swirl generator. In this study, the swirl number is de ned as the ratio of tangential velocity to the axial velocity with the assumption of uniform axial and tangential velocity in the pipe and constant hydraulic radius in the pipe. Five sets of swirl numbers at the gas inlet, 0, 0.5, 1, 3, and 5, were tested, and the ow mixing and heat transfer predicted at a fan speed of 1,000 rpm. The formation of the swirl ow structure is shown schematically in Fig. 9 . The swirl ow from the rotational force of the fan had strong angular-and radial-momentum, and increased with height having a minimum diameter of swirl ow. The minimum diameter of swirl was predicted at about 0.4 m when fan speed was 1,000 rpm. Gas inlets were located within the minimum diameter of the swirl ow, therefore a swirling gas injection would enhance the ow mixing and heat transfer in the lower section of the furnace. Figure 10 shows the axial-and tangential-velocity pro les at line 3 (y = 0.1 m) and line 4 (y = 0.2 m). As the swirl number of the inlet gas increased, the axial velocity decreased and the tangential velocity gradually increased. The estimation of these velocities showed similar tendencies at swirl numbers 3 and 5. Tangential velocities for the different swirl numbers were predicted to have approximately the same value along line 4 because of internal swirling ow from the rotational force of the fan. Figure 11 shows the temperature distributions of atmosphere gases in the YZ-plane for the different swirl numbers. Temperature uniformity of inlet gas with swirl number was seen at the lower section of the furnace due to the increase in the convective heat transfer with ow mixing between hot atmosphere gas and cold inlet gas. The temperature pro les of mixture gas for line 1 (y = 0.4 m), line 3 (y = 0.1 m), and line 4 (y = 0.2 m) are shown in Fig. 12 . The temperature increased sharply more than swirl number 1, and the swirl ow of the inlet gas could have an effect on the ow mixing and temperature distribution in the furnace. It was con rmed that the mixture gas temperature reached the process temperature range 833-853 K. From the results, swirling gas injection has a tendency to increase the ow mixing and temperature uniformity at the lower section close to the gas inlets. Moreover, regarding energy ef ciency, swirling injection could promote temperature uniformity with a low fan speed.
Conclusions
A strong swirl ow was formed by the rotational force of the fan. A swirl ow has a tendency to enhance the ow mixing and convective heat transfer, and these parameters could be improved by controlling the swirl ow structure.
The fan plays an important role in the mixing of the internal ow in the furnace. The ow mixing rate increased with fan speed. Flow mixing and convective heat transfer have a strong relationship. According to the ow mixing, the maximum temperature difference at the lower section decreased with increasing the fan speed. In addition, the mixture gas temperature almost reached the process temperature range (above 833 K) at a fan speed of 2,000 rpm. The swirl ow was generated with a minimum diameter at the lower section of the furnace by strong angular-and radial-momentum. Gas inlets were located within the minimum diameter of the swirling ow. For this reason, ow mixing was weaker near the gas inlets than in other regions. Therefore, swirling gas injection could greatly affect ow mixing in the lower section of the furnace. When the inlet swirl number increased, temperature uniformity improved markedly in the lower section. In addition, the mixture gas temperature reached the process temperature at swirl numbers 3 and 5. Furthermore, the difference in temperature uniformity was predicted to be less than ±5 K for swirl numbers 3 and 5. Finally, in this study, some important design factors such as fan speed and swirling gas injection were introduced to characterize the thermal ow characteristics, and these factors would contribute to designing a furnace and determining the operating conditions.
